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Fine-tuned	 regulation	 of	 the	 arterial	 pressure	 is	 an	 essential	 physiological	 process	
determined	 by	 two	 important	 parameters,	 cardiac	 output	 (CO)	 and	 total	 peripheral	
resistance	 (TPR).	 The	 deregulation	 of	 the	 blood	 pressure	 can	 lead	 to	 cause	 severe	
vascular	disorders	over	time	and	even	sudden	death.	Multiple	pathways	including	the	
autonomic	 nervous	 system,	 renin–angiotensin	 system,	 aldosterone,	 vasoactive	
substances	 and	 vascular	 responses	 to	 external	 changes	 affect	 CO	 and	 TPR	 to	 tightly	






Resistant	arteries	are	normally	 in	a	partial	 contraction	state	which	 is	known	as	basal	
tone,	from	which	they	can	constrict	further	or	dilate	depending	on	the	tissue	demand	
for	 blood [2],	 allowing	 blood	 flow	 changes	 in	 response	 to	 local	 stimuli.	 When	 the	
resistance	 artery	 is	 dilated,	 the	 resistance	 is	 decreased	 and	 the	 local	 blood	 flow	




The	 tunica	 intima	 is	 the	 innermost	 layer	and	 it	 is	 composed	of	endothelial	 cells	 (EC)	
surrounded	by	a	fine	network	of	connective	tissue.	EC	lining	the	vascular	lumen	of	the	
















The	 tunica	 media	 is	 the	 middle	 layer	 of	 the	 vessel	 wall	 and	 is	 responsible	 for	 the	
mechanical	activity	of	the	artery.	This	layer	contains	VSMC	that	are	helically	embedded	
in	 an	 extracellular	matrix	mainly	 formed	by	 elastin	 and	 collagen	 fibres;	 their	 activity	
contracts	or	dilates	the	artery.	The	tunica	media	is	limited	by	the	internal	and	external	
elastic	 laminas,	 composed	 of	 elastin,	 which	
allows	 the	 resistance	 arteries	 to	 dilate	 or	
contract,	 preventing	 large	 changes	 in	 the	
blood	 flow.	 Gap	 junctions	 are	 formed	
between	VSMC	allowing	ions	to	flow	from	one	
cell	 to	 another	 and	 spreading	 the	
depolarization	across	adjacent	cells	[4].	VSMC	
contraction	 depends	 on	 cross-bridge	
formation	 between	 myosin	 and	 actin	
filaments,	which	promotes	sliding	of	the	actin	







collagen	 fibres	 that	 serve	 as	 support	 for	 fibroblasts	 and	 small	 vessels	 to	 provide	
nutrients	to	the	wall	of	large	vessels	(the	“vasa	vasorum”,	literally	“vessels	of	vessels”)	
and	 very	 importantly,	 sympathetic	 and	 sensory	 fibre	 terminals.	 Release	 of	
neurotransmitters	(NTs)	by	activation	of	these	fibres	contributes	to	the	regulation	of	the	
local	vessel	resistance	and	the	blood	flow	[1,	5].	
Figure	 1.1.	 Schematic	 description	 of	 the	
structure	of	a	resistance	artery	wall	formed	
by	three	layers:	tunica	intima,	tunica	media	



















The	 presence	 and	 functional	 role	 of	 parasympathetic	 perivascular	 nerves	 is	 poorly	
defined	relative	to	those	of	sympathetic	or	sensory	perivascular	nerves.	While	in	some	
vascular	beds,	parasympathetic	nerves	may	play	a	minor	role	in	vasomotor	function,	in	












paravertebral,	 depending	 on	 their	 localization	 in	 the	 body.	 Prevertebral	 ganglia	 also	
called	collateral	ganglia	innervate	organs	of	the	abdominal	region	and	are	lying	between	
the	 paravertebral	 ganglia	 and	 the	 target	 organ,	 whereas	 paravertebral	 ganglia	 are	
located	ventral	and	lateral	to	the	spinal	cord	forming	the	sympathetic	chain	ganglia.	The	
chain	extends	from	the	upper	neck	down	to	the	coccyx.		
In	mammals,	 there	 are	 22	 pairs	 of	 these	 ganglia:	 3	 in	 the	 cervical	 region,	 11	 in	 the	
thoracic	 region,	4	 in	 the	 lumbar	 region,	and	4	or	5	 in	 the	sacral	 region.	The	superior	
ganglia	innervate	the	head,	and	the	middle	innervate	the	neck,	heart	and	upper	limbs.	
The	 thoracic	 sympathetic	 ganglia	 are	 connected	 to	 the	 prevertebral	 ganglia	 that	









membranes	 of	 a	 typical	 chemical	 synapse	 is	 30	 –	 50	 nanometres,	whereas	 in	 blood	
vessels	 the	 distance	 between	 the	 synaptic	 end	of	 the	 post-ganglionic	 axons	 and	 the	
vascular	tissue	is	often	greater	than	100	nanometres	or,	in	some	cases,	1–2	µm.	Also,	
unlike	 classical	 synapses,	 there	 is	 not	 a	 single	 site	 of	 neurotransmitter	 release	 from	
sympathetic	nerves.	Instead,	neurotransmitter	is	released	“en	passant”	from	varicosities	
along	the	efferent	axons	and	over	a	widespread	area	of	the	target	tissue.	In	this	way,	a	
relatively	 small	 number	 of	 neurons	 can	 exert	 control	 of	 large	 tissue	 areas.	 The	
neurotransmitter	released	at	the	synapsis	between	pre-	and	post-	ganglionic	fibres	 is	
acetylcholine	(ACh),	alone	or	in	combination	with	other	peptide	co-transmitters.	These	






NA	 is	 formed	 by	 a	 complex	 process	 whereby	 tyrosine	 is	 catalyzed	 by	 the	 enzyme	
tyrosine-hydroxylase	 (TH)	 resulting	 in	 levodopa	 (L-DOPA).	 L-DOPA	 is	 transformed	 to	
dopamine	due	to	 the	activity	of	DOPA	decarboxylase	and	stored	 in	synaptic	vesicles.	








affecting	 different	 receptors	 on	 the	 target	 cell.	 In	 addition,	 all	 these	 NTs	 are	 self-
regulatory,	 in	 the	sense	 that	 they	act	on	presynaptic	 receptors	 located	on	 their	own	
axon	terminals	[9].		
Owing	 to	 the	 large	 gaps	 between	 autonomic	 nerve	 terminals	 and	 their	 effector	






NA	 that	 binds	mainly	 to	a1-adrenergic	 receptors	 located	 in	 the	VSMC,	 resulting	 in	 a	
constriction	of	the	blood	vessels	[10].	This	means	that	a	reduced	sympathetic	vasomotor	
activity	causes	vasodilatation [7].	 In	addition,	VSMC	also	express	β2-adrenoreceptors,	














vasodilation	 in	 healthy	 patients.	 Both	 the	 activation	 of	 the	 sympathetic	
neurotransmission	together	with	the	local	release	of	vasodilator	substances	activated	
by	tissue	hypoxia	are	responsible	for	the	read	noses	and	ears	when	patients	are	exposed	
to	 very	 low	 temperatures	 for	prolonged	 times.	 This	 vasodilation	does	not	happen	 in	
Raynaud's	patients.	Possible	alterations	may	include	the	increased	sensitivity	to	cold	of	
the	adrenergic	 receptors,	 increased	 levels	of	 locally	 released,	 systemically	 circulating	
vasoconstrictors	 or	 a	 deficiency	 or	 increased	 degradation	 of	 NO	 due	 to	 augmented	




compared	 to	 healthy	 patients	 [13].	 Furthermore,	 the	 association	 of	 obesity,	
hypertension,	 insulin	 resistance,	 and	 type-2	 diabetes	 can	 be	 partially	 explained	 by	
interactions	between	insulin	and	the	SNS	[14].	This	has	led	to	a	renewed	interest	in	α-




































primarily	 localized	 in	 the	 perivascular	 innervation	 and	 considered	 to	 be	 the	 major	
vascular	form,	as	compared	with	the	β	form.	This	peptide	usually	binds	to	a	calcitonin-















effector.	 In	 short	 reflexes,	 the	 sensory	 neurons	 synapse	 directly	 with	 a	 peripheral	 effector	
generating	the	response.		
1.2.2.2	Role	of	sensory	nervous	system	in	vascular	function	








robust	dilation	of	 cranial	blood	vessels	 [31].	Moreover,	application	of	CGRP	 receptor	











The	 vascular	 tone	 is	 determined	 by	 the	 contractile	 activity	 of	 VSMC	 in	 the	 walls	 of	
















the	 development	 of	 resting	 vascular	 tone,	 allowing	 a	 constant	 blood	 flow	 despite	
changes	in	arterial	pressure.	This	phenomenon	is	mediated	by	depolarization	attributed	
to	 activation	 of	 non-selective	 cationic	 channels	 increasing	 the	 intracellular	 Ca2+	 that	
would	 finally	 activate	 voltage-dependent	 Ca2+	 channels	 (VDCC),	 leading	 to	 the	
contraction	 of	 the	 artery.	 Other	 important	 intrinsic	 factors	 are	 the	 endothelial	
secretions	such	as	the	vasoconstrictor	endothelin	and	the	vasodilator	NO [1].		
On	the	other	hand,	the	extrinsic	mechanism	is	also	a	fundamental	control	system	of	the	






innervate	 the	 resistance	arteries	 (Figure	1.5).	Non-selective	channels	present	 in	both	
sympathetic	 and	 sensory	 perivascular	 nerves	would	 be	 activated	 by	 external	 stimuli	


















The	 TRP	 proteins	 constitute	 a	 large	 family	 of	 non-selective	 channels	 permeable	 to	
monovalent	and	divalent	cations	[45].	They	are	related	to	the	product	of	the	transient	
receptor	 potential	 (trp)	 gene	 in	 the	 fruit	 fly	 Drosophila	 melanogaster,	 where	 the	
founding	member	was	discovered	[46,	47].	The	28	mammalian	TRP	proteins	are	split	
into	 six	 subfamilies	 according	 to	 their	 amino	 acid	 sequence	 homology:	 TRPC1-7	

















and	 carboxyl	 termini	 are	 variable	 in	 length.	 The	 presence	 of	 ankyrin	 repeats,	 lipid-











a	 homology	 región	 (modified	 from	 Clapham,	 D.E.,	 2003).	 (B)	Cryo-EM	 reconstruction	 of	 the	
TRPM8	channel	(Yin	et	al.,	2018). 
TRP	channels	are	ubiquitously	expressed	in	a	variety	of	tissues	and	mammalian	cells	and	
most	 of	 them	 are	 localized	 in	 the	 plasma	 membrane	 [59].	 These	 channels	 can	 be	
activated	 by	multiple	 stimuli	 ranging	 from	 endogenous	 and	 exogenous	 chemicals	 to	
physical	 stimuli	 such	as	membrane	deformation	and	changes	 in	membrane	potential	
and	temperature.	The	activation	of	these	channels	leads	to	the	pore	opening	allowing	a	
cation	 influx	 and	 depolarization	 of	 the	 cell	 at	 the	 resting	 potential	 triggering	 the	
activation	of	VDCC	and	resulting	in	Ca2+	entry	to	the	cell	[49,	60].	The	increase	of	free	





cellular	 mechanisms	 [59].	 For	 instance,	 TRP	 proteins	 are	 essential	 for	 physiological	
processes	 including	 Ca2+	 and	 Mg2+	 homeostasis,	 the	 regulation	 of	 smooth	 muscle	
contraction,	 cell	 proliferation,	 migration,	 thermo-,	 chemo-	 and	 mechano-sensation	
processes	and	remodelling	in	pathological	conditions	[61-66].		
Several	members	of	 the	TRP	protein	 family	 including	TRPA1,	TRPM3,	TRPM8,	TRPV1,	






TRPA1,	 TRPV1,	 TRPM3,	 TRPM8	 and	 other	 TRP	 channels	 have	 been	 proposed	 as	
molecular	 sensors	modulating	 vascular	 functions	 [76-80].	 This	 thesis	 focuses	 in	 the	
arterial	 function	 of	 several	 sensory	 TRP	 cation	 channels	 in	 responses	 to	 external	
chemical	and	thermal	stimuli.	
Sensory	 TRP	 channels	 are	 involved	 in	 a	 variety	 of	 vascular	 functions,	 not	 only	 in	
modulation	 of	 VSMC	 contraction,	 but	 also	 in	 myogenic	 responses	 and	 Ca2+-induced	
VSMC	proliferation	and	migration	[81,	82].	Although	they	have	been	identified	in	the	





nonselective	 cation	 channel	 permeable	 to	 Ca2+,	Na+	 and	 K+,	 and	 is	 considered	 as	 a	
sensor	of	mechanical,	chemical	and	noxious	thermal	stimuli.	TRPA1	can	be	activated	
by	 a	 wide	 range	 of	 endogenous	 pungent	 and	 external	 irritants	 that	 trigger	
inflammatory	processes	 and	pain	 [78,	 84-86].	Noxious	 compounds	 such	 as	 acrolein 
[78],	 allyl	 isothiocyanate [77]	 and	 cinnamaldehyde	 [87]	 are	 able	 to	 activate	 TRPA1	
through	 covalent	 modification	 of	 N-terminal	 cysteines	 or	 lysines.	 TRPA1	 is	 also	









The	role	of	TRPA1	 in	 the	vascular	 system	 is	not	well-understood	yet.	Deletion	of	 the	
Trpa1	 gene	 in	mice	had	no	effect	on	blood	pressure	under	baseline	 conditions	or	 in	
response	 to	 angiotensin	 II [96].	Vascular	 expression	of	Trpa1	 is	 not	well	 determined	
although	it	was	demonstrated	to	be	expressed	in	many	different	layers	of	the	arteries	
[91,	 97,	 98].	 TRPA1	present	 in	 the	endothelium	of	 cerebral	 arteries,	 is	 concentrated	
within	 myoendothelial	 junction	 sites,	 where	 its	 activation	 mediates	 endothelium-
dependent	SMC	hyperpolarization	and	vasodilatation	that	requires	the	activity	of	Ca2+-











stimuli	 [106]	 including	 capsaicin	 [107],	 resiniferatoxin	 [107],	 low	 pH	 [108],	




through	 the	 same	molecular	 pathway.	 Interestingly,	 a	 study	 revealed	 that	 TRPV1	 is	
mainly	expressed	in	peptidergic	primary	sensory	neurons	and	its	activation	resulted	in	
warm	 temperature	 and	 capsaicin-induced	 activation	 [107].	 In	 fact,	 cultured	 sensory	













in	 the	 regulation	 of	 vascular	 tone	 in	 an	 endothelium-dependent	 manner	 [115-117].	
Yang,	D.	et	al.	showed	that	acute	administration	of	capsaicin	for	6	months	enhanced	the	
production	 of	 NO	 and	 endothelium-dependent	 relaxation	 in	 the	 isolated	mesenteric	
arteries	 from	 normal	 mice,	 an	 effect	 that	 was	 absent	 in	 Trpv1	 KO	 mice	 [118].	
Furthermore,	capsaicin	also	attenuated	the	contractile	response	of	thoracic	aortic	rings	
preconstricted	with	NA	[119].	Importantly,	immunohistochemical	analysis	identified	the	








the	 human	 TRPM3	 is	 65	 pS	 for	 isotonic	 Ca2+	 [125].	 TRPM3	 is	 reversibly	 activated	by	
hypotonic	cell	swelling	[125],	oxidative	stress	and	exposure	to	heat	[62,	126].	
Sphingolipids	 produced	 by	 the	 human	 body	 were	 the	 first	 TRPM3	 activators	 to	 be	
described	 [127].	 Another	 potent	 TRPM3	 activator	 is	 the	 neurosteroid	 pregnenolone	





















On	 the	 other	 hand,	 the	 first	 TRPM3	 inhibitors	 were	 troglitazone,	 pioglitazone	 and	





the	 sensitivity	 of	mice	 to	 PS-induced	 pain.	 The	 deoxybezoin	 ononetin	 has	 been	 also	
identified	as	a	potent	TRPM3	blocker	[129,	136].		
TRPM3	 channels	 can	be	partially	 inhibited	by	 cholesterol	 and	other	 steroids	 such	 as	
progesterone,	 pregnanolone,	 estradiol,	 dihydrotestosterone	 and	 21OH-progesterone	
[128].	 However,	 the	 physiological	 relevance	 of	 these	 inhibitors	 on	 endogenously	
expressed	 TRPM3	 is	 not	 yet	 known.	 Currents	 mediated	 by	 TRPM3	 are	 inhibited	 by	
several	 synthetic	 compounds	 such	as	 the	nonsteroidal	diclofenac,	 the	anticonvulsant	
























4,5-bisphosphate	 (PIP2)-related	mechanism	 has	 been	 proposed	 for	 the	 activation	 of	
TRPM8.	 Activation	 of	 Ca2+-dependent	 phospholipase	 C	 (PLC)	 shifts	 the	 voltage	
dependence	 of	 TRPM8	 channel	 curve	 to	 more	 positive	 potentials	 and	 reduces	 the	
channel	sensitivity	to	ligands	such	as	menthol	[153].	
Other	stimuli,	such	as	oxidative	stress [154]	and	the	synthetic	agonists	such	as	cryosim-
3	 (1-diisopropylphosphorylnonane)	 selectively	 activates	 TRPM8	 [155].	 On	 the	 other	
hand,	novel	 synthetic	 compounds	have	been	 reported	 to	block	TRPM8	channels,	 for	
instance	 RQ-00434739 [156],	 AMTB [157],	 KPR-2579	 [158],	 as	 well	 as	 the	menthol-
derivate	compound	menthoxypropanediol	[159].	
It	 is	 known	 that	 TRPM8	plays	 a	 role	 in	 regulation	 of	 the	 vascular	 tone	 since	 it	 can	
stimulate	both	vasoconstriction	and	vasodilation	processes	depending	on	the	previous	
vasomotor	tone	of	the	blood	vessel	[160].	A	single	study	showed	that	Trpm8	mRNA	is	
















Activation	 of	 TRPV3	 channels	 seems	 to	 promote	 Ca2+	 influx	 and	 elicit	 endothelium-
dependent	dilation	of	cerebral	parenchymal	arterioles	[164].	In	uterine	radial	arteries,	
TRPV3	 caused	 an	 endothelium-independent	 IKCa-mediated	 dilation	 via	 the	 NO-PKG	
pathway [165].	 Furthermore,	 carvacrol,	 a	 TRPV3	 agonist	 found	 in	 oregan,	 elicits	
endothelium-dependent	vasodilation	[166].	
TRPV4	channels	have	been	implicated	as	mediators	of	Ca2+	influx	in	both	EC	and	VSMC	
[167].	 The	 activation	 of	 endothelial	 TRPV4	 channels	 led	 to	 endothelium-dependent	
vasodilation.	However,	very	 little	 is	known	about	 the	 functional	 role	of	TRPV4	 in	 the	
resistance	 vasculature	 or	 how	 these	 channels	 influence	 hemodynamic	 properties.	
Several	studies	have	found	that	activation	of	TRPV4	channels	produces	vasodilation	of	
VSMC	 [168].	 The	 presence	 of	 TRPV4	 in	 cerebral	 VSMC	 has	 been	 demonstrated	 by	
immunohistochemistry	 and	 RT-PCR [167]. Furthermore,	 super-resolution	 imaging	
reveals	 clustering	 of	 TRPV4	 channels	 in	 arterial	 myocytes	 [169].	 Using	
microspectrofluorimetry	and	patch-clamp,	Ducret	et	al.	 found	that	serotonin	 induced	
activation	 of	 TRPV4-like	 current	 followed	 by	 a	 sustained	 Ca2+	 entry	 resulting	 in	 an	
increased	of	VSM	proliferation [170]. In	addition,	TRPV4	channels	can	also	functionally	
interact	with	other	proteins.	For	instance,	activation	of	TRPV4–TRPC1–KCa1.1	complex	

















Conversely,	 increases	 in	 either	 body	 temperature	 or	 external	 temperature	 lead	 to	
vasodilation	by	inhibiting	the	tonic	activity	of	sympathetic	nerves,	allowing	blood	flow	
increased	to	the	cutaneous	territories	as	a	mechanism	to	dissipate	heat.	So,	the	systemic	






Often,	 body	 cooling	 raises	 sympathetic	 vasoconstrictor	 activity	 through	 reflexes	
initiated	by	low	temperature	[175].	However,	mammals	often	respond	to	maintained	





in	 response	 to	 temperature	 changes	 in	 the	 cutaneous	 circulation	 is	well	 established	










TRPV1	 and	 other	 TRP	 channels	 are	 also	 relevant	 in	 the	 local	 vascular	 responses	 to	
thermal	changes	[179].	
The	molecular	sensors	responsible	for	the	detection	of	cold	are	sill	unclear.	However,	












transient	 receptor	 potential	 (TRP)	 channels	 associated	with	 receptor	 function	 (Tansey	et	 al.,	
2015).	







TRPA1-dependent	 vascular	 responses	 via	 different	 mechanisms [37].	 Furthermore,	
administration	of	TRPA1	antagonists	significantly	inhibited	the	vasoconstriction	induced	
by	 the	 cold-water	 immersion	 demonstrating	 the	 relevance	 of	 TRPA1	 in	 the	 vascular	











using	Trpm8	KO	mice,	 that	 TRPM8	 are	 key	 channels	 responsible	 in	 the	 detection	 of	
external	cold	since	the	mutant	animal	did	not	respond	to	noxious	cold		[150,	152].	In	
another	study,	 it	was	 found	an	 increased	 latency	 for	withdrawal	 from	a	cold	plate	 in	
Trpm8-deficient	mice	compared	to	control	mice	[151].	In	addition,	menthol	application	





The	 physiologic	 response	 of	 vasoconstriction	 under	 localized	 cooling	 was	 prevented	
upon	pharmacological	 blockade	of	 TRPA1	 and	 TRPM8	 channels	 suggesting	 that	 both	
channels	 are	 required	 to	 produce	 the	 cold-induced	 vascular	 response	 [37].	 Using	
Trpa1/Trpm8	double	KO	mice,	Pan	et	al.	 showed	a	 large	reduction	 in	cold	avoidance	
compared	 to	 that	 of	 single	 Trpm8	 KO	 mice,	 suggesting	 that	 both	 receptors	 work	
together	 in	 the	 detection	 of	 the	 entire	 cold	 temperature	 range [37].	 This	 further	











In	 the	warm	 temperature	 range,	 global	 Trpv1	KO	mice	 have	 revealed	 that	 TRPV1	 is	
involved	in	heat	sensation [197].	Application	of	TRPV1	agonists	such	as	capsaicin,	which	






Another	 TRP	 channel	 identified	 to	 be	 involved	 in	 noxious	 heat	 sensing	 is	 TRPM3	
expressed	 in	 sensory	 neurons	 [62].	 An	 increase	 in	 temperature	 to	 37	 oC	 caused	 a	
sensitization	of	TRPM3	to	PS,	and	it	has	been	postulated	that	even	the	physiological	PS	
concentration	 found	 in	 the	 human	 body	 is	 more	 than	 sufficient	 to	 activate	 TRPM3	
channels,	especially	at	that	temperature	[130,	133].	Importantly,	inhibition	of	TRPM3	by	
flavanones	reduced	the	sensitivity	of	mice	to	noxious	heat	[129].	TRPV2	channels	have	
been	 reported	 to	 be	 expressed	 in	 sensory	 neurons	 representing	 as	 candidates	 for	
noxious	heat	sensing.	Heterologous	expression	of	TRPV2	channels	produced	a	cation	
current	at	temperatures	above	52	oC	[202].	However,	Trpv2	KO	mice	did	not	show	any	




Hypothesis and Objectives 2 
 











































































actual	 relevance	 in	 the	 vascular	 physiology	 in	 response	 to	 chemical	 and	 thermal	
challenges	remains	unknown.		
Considering	 these	 precedents	 and	 the	 fact	 that	 sensory	 TRP	 channels	 are	 highly	




1) To	determine	 the	expression	pattern	of	 transient	 receptor	melastatin	 (TRPM)	
family	 in	 mesenteric	 arteries	 and	 particularly	 the	 functional	 localization	 of	
TRPM3	 channels	 in	 the	 local	 control	 of	 vascular	 function	 by	 application	 of	
chemical	 stimuli.	 To	 address	 this	 objective,	 we	 performed	 qPCR,	 confocal	
imaging,	 Ca2+-imaging,	 pressure	 myography	 and	 patch	 clamp	 experiments	 in	
mesenteric	arteries	from	c57bl/6j	mice	and	Trpm3	KO	mice	as	control.		




peripheral	 cutaneous	 arteries	 have	 an	 intrinsic	 cold-sensitivity	 and	 whether	
TRPA1	 and	 TRPM8	 channels	 contribute	 to	 this	 local	 response.	 For	 that,	 we	
performed	pressure	myography	 experiments	 in	 isolated	plantar	 arteries	 from	
















Materials and Methods 3 
 































































CO2	 inhalation.	All	 protocols	were	 in	 accordance	with	 the	 European	Community	 and	
Belgian	 Governmental	 guidelines	 for	 the	 use	 and	 care	 of	 experimental	 animals	






arteries	 were	 isolated	 from	 each	 mouse.	 Subsequently,	 all	 samples	 were	 carefully	
dissected	 and	 cleaned	 from	 adipose	 tissue	 in	 cold	 oxygenated	 smooth	 muscle	
dissociation	 solution	 (SMDS)	 containing	 (in	mM):	 145	 NaCl,	 4.2	 KCl,	 0.6	 KH2PO4,	 1.2	
MgCl2,	 10	 HEPES,	 glucose	 11	 and	 10	 Ca2+	 (pH	 7.4,	 adjusted	 with	 NaOH).	 After	 the	





The	 dissected	 arteries	were	 cut	 into	 small	 pieces	 and	 subjected	 to	 two	 consecutive	
processes	of	enzymatic	digestion.	The	first	digestion	was	carried	out	at	37	°C	for	15	min	
in	 SMDS-Ca2+-free	 solution	 containing	 0.8	 mg/ml	 papain	 (Worthington	 Biochemical	
Corp.),	 1	 mg/ml	 Bovine	 Serum	 Albumin	 (BSA)	 (Sigma-Aldrich),	 and	 1	 mg/ml	 1,4-
Dithioerythritol	(DTE)	(Sigma-Aldrich).	The	second	digestion	was	performed	at	37	°C	for	







were	 rinsed	 twice	with	 10	 μM	Ca2+	SMDS.	 After	 this	washing	 step,	 single	 cells	were	























min. Each	qPCR	reaction	 (20	µl)	 contained	3	µl	of	 cDNA	template,	10	µl	of	Universal	
TaqMan	MasterMix	 (2x	 concentrated,	 Life	 Technologies),	 1	 µl	 of	 TaqMan	 assay	 (20x	






reference	 selected	 between	 two	 potential	 housekeeping	 genes	 β-actin	 and	
glyceraldehyde-3P-dehydrogenase	 (GAPDH)	 for	 accurate	 quantification	 of	 interested	
gene	 expression	 levels	 in	 each	 sample.	 We	 used	 GAPDH	 as	 endogenous	 gene	 for	
representing	the	data.	The	threshold	cycle	(Ct)	was	set	within	the	exponential	phase,	
and	the	relative	quantitative	evaluation	of	target	gene	levels	was	performed	using	the	






Triton	X-100)	 and	blocked	with	PBTx	with	2%	of	 sheep	 serum	 for	3	h.	Arteries	were	
incubated	overnight	 at	 4	 °C	with	 the	primary	 rabbit	 anti-TRPM3	 (1:100,	 Santa	Cruz),	
mouse	anti-NF-200	(1:1000,	MFCD02263444,	sigma	Aldrich),	human	PGP9.5	antibody	
(1:100,	sc176636,	Santa	Cruz),	chicken	anti-beta-gal	IgY	(1:1000,	ab9361,	Abcam),	rabbit	
anti	 calcitonin	 gene-related	 peptide	 (1:500,	 ab47027,	 Abcam),	 mouse	 anti-tyrosine	
hydroxylase	 (1:1000,	 ab129991,	 Abcam)	 or	 rabbit	 anti-alpha	 smooth	 muscle	 actin	
(1:250,	 ab5694,	 Abcam)	 antibodies,	 followed	by	 the	 secondary	 antibodies	Alexa	 594	
goat	 anti-rabbit	 (1:1000,	 A-11012,	 Molecular	 Probes),	 Alexa	 555	 goat	 anti-mouse	
(1:1000,	ab150114,	Abcam),	Alexa	488	donkey	anti-chicken	(1:1000,	ab63507,	Abcam,	
Alexa	488	goat	anti-mouse	(1:1000,	ab150117,	Abcam)	or	goat	anti-chicken	IgY-Alexa	
488	 (1:1000,	 ab150173,	 Abcam).	 Secondary	 antibodies	 were	 prepared	 in	 blocking	
solution	 and	 incubated	 for	 2	 h	 at	 room	 temperature.	 Finally,	 the	 arteries	were	 flat-
mounted	in	glass	slides	using	DAPI-containing	mounting	solution	(VectaShield,	Vector	
Laboratories).		
Human	 Embryonic	 Kidney	 293	 (HEK293T)	 cells	 were	 plated	 in	 poly	 L-lysine-coated	
coverslips,	 fixed	with	4%	PFA	in	PBS	for	15	min	and	blocked	with	PBS	with	2%	sheep	







antibody	 Alexa	 594	 goat	 anti-rabbit	 (1:1000,	Molecular	 Probes)	 in	 blocking	 solution	




LSM	 510	 Meta	 Multiphoton	 microscope	 (Carl	 Zeiss	 AG).	 Images	 were	 acquired	 by	









a	 myograph	 (Danish	 Myo	 Technology	 110P)	 that	 allowed	 controlling	 the	 luminal	
pressure	while	measuring	 external	 arterial	 diameter	 via	 digital	 video	 edge	 detection	





pressurized	 to	70	mmHg	and	allowed	 to	 stabilize	at	37	 °C	 for	at	 least	15	min	before	
starting	 the	 measurements.	 Unless	 otherwise	 stated	 the	 artery	 segments	 were	 air-
bubbled	though	the	lumen	to	remove	endothelial	cells.	Phenylephrine	(10	μM)	or	NA	
(20	 μM)	 were	 perfused	 to	 contract	 the	 arteries	 prior	 to	 the	 application	 of	 test	
compounds.	 PS	 and	 CIM	were	washed	 after	 their	 last	 application	with	 physiological	
saline	solution	containing	10	μM	phenylephrine.	The	data	were	analyzed	using	MyoView	




nifepidine	 (10	 μM)	 to	 determine	 the	 maximum	 arterial	 diameter.	 Vasodilation	 was	
determined	using	the	formula:		
𝑉𝑎𝑠𝑜𝑑𝑖𝑙𝑎𝑡𝑖𝑜𝑛	 𝑖𝑛	% = 	 100 ∗ 	 78	9	7:;<7=>?	9	7:;< 																				(Eq.	3.1)	
Dx,	DPhe	and	DNif	are	the	diameters	recorded	in	the	presence	of	test	compound	plus	
phenylephrine,	phenylephrine	alone	and	nifedipine,	 respectively.	 The	 resulting	dose-
response	 curves	 for	 the	 test	 compounds	 (X)	were	 fitted	using	either	one	or	 two	Hill	
functions	of	the	forms:	
																																					𝑉𝑎𝑠𝑜𝑑𝑖𝑙𝑎𝑡𝑖𝑜𝑛	(𝑖𝑛	%) = 100 [C]E[C]EFGE																																	(Eq.	3.2)	
were	 [X],	 n	 and	 k	 are	 the	 test	 compound	 concentration,	 the	Hill	 coefficient	 and	 the	
effective	concentration,	respectively,	and:	
𝑉𝑎𝑠𝑜𝑑𝑖𝑙𝑎𝑡𝑖𝑜𝑛	(𝑖𝑛	%) = 100 HI[C]EI[C]EIFGIEI + K9HI [C]EL[C]ELFGLEL 																					(Eq.	3.3)	
were	 A1,	 n1	 and	 k1	 are	 the	 relative	 amplitude,	 the	 Hill	 coefficient	 and	 the	 effective	
concentration	 of	 the	 first	 Hill	 component,	 respectively,	 and	 n2	 and	 k2	 are	 the	 Hill	
coefficient	and	the	effective	concentration	of	the	second	Hill	component,	respectively.	
In	the	cold	stimulus,	vasoconstriction	was	determined	using	the	formula:	










Ca2+	 imaging	 experiments	were	 conducted	with	 the	 fluorescent	 indicator	 Fura-2AM.	
HEK293T	cells	stably	expressing	murine	TRPM3	were	cultured	as	previously	described	
[62].	 They	 were	 incubated	 with	 5	 μM	 Fura-2AM	 (Invitrogen)	 for	 30	 min	 at	 37	 °C.	
Fluorescence	 measurements	 were	 performed	 with	 a	 Zeiss	 Axioskop	 FS	 upright	
microscope	 fitted	 with	 an	 ORCA	 ER	 charge-coupled	 device	 camera.	 Fura-2AM	 was	













KCl,	 4	 MgCl2,	 10	 Hepes,	 10	 EGTA,	 5	 Mg2+-ATP,	 pH	 7.2	 adjusted	 with	 KOH.	 The	
composition	of	the	bath	solution	was	(in	mM):	141	NaCl,	4.7	KCl,	1.2	MgCl2,	1.8	CaCl2,	
10	glucose,	10	Hepes	and	500	nM	paxilline,	pH	7.4	adjusted	with	NaOH.	The	voltage	





anion	 exchange	 inhibitor)	 and	 0.1	 niflumic	 acid	 (chloride	 channel	 inhibitor),	 pH	 7.4	
adjusted	with	NaOH	for	the	extracellular	solution	and	10	CsCl,	110	Cs	aspartate,	10	NaCl,	
3.2	CaCl2,	10	HEPES,	10	BAPTA,	2	Mg2+-ATP	(pH	7.2,	adjusted	with	CsOH)	and	with	an	











purchased	 from	 Sigma-Aldrich.	 CIM0216	 was	 obtained	 from	 Prof.	 Joris	 Vriens	




Laboratories,	New	 Jersey).	 The	 TRPA1	blocker	HC030031	was	 purchased	 from	Tocris	
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Activation	 of	 the	 cation	 channel	 TRPM3	 in	
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lower	 relative	 expression	 for	 Trpm4	 and	 Trpm7	 and	 no	 detectable	 Trpm2	 and	 Trpm6	 in	
preparations	 devoid	 of	 endothelium	 (Figure	 4.1A	 and	 B),	 suggesting	 for	 a	 preferential	
expression	of	these	transcripts	in	the	endothelial	layer.		
 
Figure	 4.1.	 Expression	 of	 TRPM	 family	 in	 mesenteric	 arteries	 with	 and	 without	 endothelium.	 (A)	
Relative	expression	of	Trpm	genes	 in	mesenteric	arteries	dissected	from	c57bl/6j	mice.	 (B)	Relative	




In	 sharp	 contrast,	 we	 found	 higher	 relative	 levels	 of	 Trpm3	 mRNA	 in	 endothelium-free	
preparations,	indicating	for	a	predominant	expression	in	the	medial	and/or	adventitial	layers.	


































Figure	 4.3.	 Specificity	 of	 a	 rabbit	 anti-TRPM3	 antibody.	 Confocal	 images	 of	 non-transfected	 cells	




















arteries	 at	 the	 levels	 of	 the	 adventitial	 (a),	 medial	 (b)	 and	 endothelial	 (c)	 layers,	 labeled	 with	 β-











adventitia	 (A)	 and	 the	 medial	 layer	 (B)	 of	 intact	 Trpm3	 KO	 mesenteric	 arteries	 labeled	 with	 b	
galactosidase	(green),	anti-NF-200	(red)	antibodies	and	nuclear	DAPI	(blue)	staining.	In	both	images,	
the	position	was	set	according	to	nuclei	morphology,	40X.	 Images	are	 representative	of	at	 least	3	
independent	experiments.	





To	 further	 characterize	 the	 localization	 pattern	 of	 TRPM3	 we	 performed	 double	







mesenteric	arteries.	Confocal	microscopy	 images	of	 the	medial	 layer	 (A)	and	adventital	 layer	 (B)	of	
Trpm3	KO	mouse	 intact	mesenteric	arteries	 labeled	with	β-galactosidase	 (green),	α-smooth	muscle	
actin	(red)	antibodies	and	nuclear	DAPI	staining	(blue).	In	both	images,	the	position	was	set	according	
to	nuclei	morphology,	40X.	Images	are	representative	of	at	least	3	independent	experiments.	
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To	 test	 directly	 whether	 TRPM3	 is	 functionally	 expressed	 in	 the	 medial	 layer	 of	 mouse	
mesenteric	arteries	we	performed	whole-cell	patch-clamp	recordings	 in	 freshly	dissociated	
VSMC.	 Application	 of	 PS	 (10	 and	 30	 μM)	 produced	 no	 significant	 change	 in	 the	 current	
amplitude	at	 -150	mV	and	+80	mV	 (99.9	±	0.5%	and	100	±	0.3%	relative	 to	 the	amplitude	
recorded	in	control	condition,	respectively;	n	=	12	cells	from	4	mice;	Figure	4.7A).		
 

























4.3	 TRPM3	 activation	 induces	 vasodilation	 mainly	 via	 stimulation	 of	 CGRP	
receptors	
To	determine	the	effects	of	TRPM3	activation	in	resistance	arteries	we	performed	pressure	











PS	 induced	 a	 dose-dependent	 reversible	 vasodilation	 in	 arteries	 dissected	 from	 c57bl/6j	
animals.	The	data	was	best	fit	by	the	sum	of	two	Hill	functions,	suggesting	for	at	 least	two	
targets	of	PS	(Figure	4.9A	and	D).	The	EC50	values	for	these	components	were	14	±	2	μM	and	
100	 ±	 9	 μM	 and	 the	 corresponding	 Hill	 coefficients	 (H)	 were	 2.2	 ±	 0.5	 and	 4.3	 ±	 1.2,	
respectively.	This	fitting	also	yielded	a	value	of	relative	amplitude	of	the	low	EC50	vasodilation	















idea	 that	 in	 c57bl/6j	 arteries	 there	 are	 two	 different	mechanisms	 involved	 in	 PS-induced	
vasodilation,	being	only	the	one	with	lower	EC50	TRPM3-dependent.		













Figure	 4.9.	 TRPM3-induced	 vasodilation	 of	 mesenteric	 arteries	 is	 mediated	 by	 CGRP	 receptor	
activation.	 Representative	 examples	 of	 the	 effects	 of	 increasing	 concentrations	 of	 pregnenolone	
sulfate	(PS,	in	μM)	on	the	diameter	of	arteries	dissected	from	c57bl/6j	(A)	and	Trpm3	KO	mice	(B)	in	
the	 presence	 of	 phenylephrine	 (Phe,	 10	 μM).	 (C)	 Effects	 of	 PS	 (in	 μM)	 on	 c57bl/6j	 arteries	 in	 the	
presence	of	the	CGRP	receptor	antagonist	BIBN	4096	(1	μM)	and	phenylephrine	(10	μM).	Nifedipine	














Figure	 4.10.	 A	 synthetic	 potent	 agonist	 of	 TRPM3	 induces	 vasodilation	 of	 endothelium-denuded	
mesenteric	arteries.	Representative	examples	of	the	effects	of	CIM0216	at	different	concentrations	








expression	 of	 TRPM3	 in	 nociceptive	 neurons	 [62,	 135],	 as	 well	 as	 the	 well-stablished	
neuroanatomical	localization	of	CGRP	in	perivascular	nerves	innervating	the	adventitial	layer 
[206-209],	we	hypothesized	that	the	TRPM3-dependent	vasodilation	induced	by	PS	may	be	










H	 values	 of	 44	 ±	 2	 μM	 and	 1.8	 ±	 0.1,	 respectively	 (Figure	 4.9D).	 Furthermore,	 double	
immunolabelling	of	intact	mesenteric	arteries	from	Trpm3	KO	mice	with	anti-β-gal	and	anti-
CGRP	 antibodies	 showed	 a	 good	 colocalization	 in	 the	 sensory	 fibres	 that	 innervate	 the	
adventitial	 layer	 (Figure	 4.9E).	 These	 results	 indicate	 that	 TRPM3	 location	 seems	 to	 be	










Next,	 we	 explored	 the	mechanisms	 by	 which	 CGRP	 receptor	 activation	 in	 VSMC	 leads	 to	
vasodilation.	Stimulation	of	the	CGRP	receptor	has	been	reported	to	increase	cyclic	adenosine	




TRPM3	activation	we	compared	 the	effects	of	10	μM	PS	 in	arteries	 treated	or	not	with	K+	
channel	blockers.	We	noticed	that	the	vasodilation	induced	by	acute	application	of	10	μM	PS	
(42	 ±	 4	%)	 in	 the	 presence	 of	 phenylephrine	 (10	 μM)	 (Figure	 4.13A)	was	 larger	 than	 that	
induced	by	the	same	concentration	during	the	cumulative	dose-response	experiments	(18	±	
4%).	This	may	be	due	to	partial	CGRP	depletion	induced	by	previous	applications	of	PS	at	low	


















Figure	 4.12.	 PS-induced	 vasodilation	 is	
markedly	 reduced	 in	 the	 presence	 of	 the	
CGRP	antagonist.	Effects	of	PS	(10	µM	and	25	
µM)	on	a	c57bl/6j	mouse	mesenteric	artery	
in	 the	 presence	 of	 the	 CGRP	 receptor	
antagonist	BIBN	4096.	Phe	=	Phenylephrine,	
PS	 =	 pregnenolone	 sulfate	 and	 Nif	 =	
nifedipine.	
Pretreatment	with	the	voltage-	and	Ca2+-activated	K+	channel	blocker	paxilline	(500	nM)	[210]	
and	the	KV1	channels	blocker	correolide	 (10	μM)	 [211]	 led	to	a	significant	reduction	of	 the	








Figure	 4.13.	 TRPM3-dependent	 vasodilation	 is	 partly	 mediated	 by	 activation	 of	 K+	 channels.	 (A)	





















=	 25)	 was	 not	 affected	 by	 the	 presence	 of	 a	 cocktail	 of	 K+	 channel	 blockers	 including	 paxilline,	
correolide	and	stromatoxin	 (n	=	25).	Voltage-dependence	of	 the	amplitude	of	K+	currents	 recorded	
VSMC	isolated	from	c57bl/6j	(n	=	10)	(B)	and	Trpm3	KO	(n	=	10)	(C)	mice	in	control	and	in	the	presence	
of	10	or	30	μM	PS.	
We	 further	 assessed	 the	 implication	of	 the	 cAMP	pathway	and	K+	 channels	by	 testing	 the	
effects	 of	 forskolin,	 a	 direct	 activator	 of	 AC,	 both	 in	 the	 absence	 and	 in	 the	 presence	 of	
paxilline,	correolide	and	stromatoxin.	We	found	1	μM	forskolin	induce	strong	vasodilation,	an	
effect	 that	was	 significantly	 attenuated	 in	 the	presence	of	 the	K+	 channel	blockers	 (Figure	




of	 noradrenaline.	 The	 dominant	 effect	 of	 noradrenaline	 on	 mesenteric	 arteries	 is	 α1-
adrenoreceptor-mediated	 vasoconstriction,	 but	 mesenteric	 VSMC	 also	 express	 β2-	
adrenoreceptors,	whose	activation	could	 induce	vasodilation.	 If	TRPM3	channels	were	also	
expressed	in	sympathetic	nerve	endings,	PS-induced	dilation	of	mesenteric	arteries	could	be	



















of	 K+	 channels.	 (A)	 Representative	 example	 of	 the	 effect	 of	 1	 μM	 forskolin	 on	 a	 c57bl/6j	 mouse	















stops	 at	 the	 points	 of	 fibres	 entry	 into	 the	 medial	 layer.	 Altogether,	 our	 functional	 and	
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anatomical	 experiments	 point	 to	 a	 lack	 of	 involvement	 of	 sympathetic	 fibres	 in	 TRPM3-
mediated	vasodilation. 
 
Figure	 4.16. Sympathetic	 perivascular	 nerves	 are	 not	 involved	 in	 TRPM3-induced	 vasodilation	 of	
mesenteric	 arteries.	 (A)	Representative	 example	 of	 the	 effect	 of	 noradrenaline	 (NA,	 20	 μM)	 on	 a	
c57bl/6j	mesentery	artery	in	the	presence	of	the	β-adrenoreceptor	blocker	propranolol	(PRO,	1	μM	in	
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Role	 of	 TRPA1	 and	 TRPM8	 channels	 in	 intrinsic	
vascular	responses	to	cold	
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5.1	 TRPA1	 and	 TRPM8	 channels	 are	 involved	 in	 intrinsic	 vascular	
responses	to	cold	
It	 is	 well	 known	 that	 cold	 induces	 vasoconstriction	 in	 skin	 blood	 vessels	 as	 a	 protective	
response	 against	 heat	 loss.	 This	 phenomenon	 is	 thought	 to	 be	 mediated	 by	 an	 efferent	
physiological	reflex	in	response	to	the	activation	of	cold-sensitive	afferent	nerves	[213].	The	
mechanism	underlying	this	process	has	been	described	to	be	mediated	by	activation	of	TRPA1	





induced	 vascular	 response,	 we	 performed	 pressure	 myography	 experiments	 in	 isolated	



















Figure	 5.1.	 Vascular	 response	 to	 cold	 in	 different	 types	 of	
vascular	 beds.	 (A)	 Representative	 example	 of	 a	 pre-
contracted	 plantar	 artery	 which	 is	 modulated	 by	 low	
temperatures	 (18	 oC).	 (B)	 Example	 of	 a	 pre-contracted	
mesenteric	artery	showing	the	lack	of	reaction	against	cold	
stimulation	(10	oC).	(C)	Mean	values	of	the	effect	in	response	




















The	 responses	 of	 plantar	 arteries	 to	 cold	 were	 also	 significantly	 smaller	 in	 c57bl/6j	 mice	
pretreated	with	the	TRPA1	antagonist	HC030031	(9	±	2.23%,	n	=	6,	*p	<	0.005;	Figure	5.2C	and	
D),	while	removal	of	the	inhibitor	cold-induced	response	was	restored	to	control	(31	±	2.02%,	
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On	 the	 other	 hand,	 gene	 deletion	 of	 Trpv4	 or	 Trpm3	 (two	 predicted	 warm	 temperature	






Figure	 5.4.	 Role	 of	 TRPM8	 in	 the	 effects	 of	 cold.	 (A)	 Plantar	 artery	 from	 Trpm8	 mice	 shows	
vasoconstriction	 in	 response	 to	 cold.	 (B)	 Cold-induced	 vasoconstriction	 is	 reduced	 in	 Trpm8	 KO	









TRPM8	 rather	 than	 TRPA1	 is	 considered	 to	 have	 an	 important	 role	 in	 cold	 sensation.	 The	
responses	of	Trpm8	KO	plantar	arteries	were	reduced	in	comparison	to	those	of	TRPM8	+/+	
arteries	(31	±	3.9%,	n	=	6	for	Trpm8	+/+	and	10	±	1.5%,	n	=	6	for	Trpm8	KO;	Figure	5.4A,	B	and	
D).	 In	 addition,	 application	 of	HC030031	 to	 plantar	 arteries	 from	Trpm8	KO	mice	 virtually	
abolished	 the	 responses	 to	 cold	 (2	 ±	 1.1%,	 n	 =	 5;	 Figure	 5.4C	 and	 D)	 indicating	 that	 the	
combined,	additive	activation	of	TRPA1	and	TRPM8	channels	accounts	 for	 the	whole	cold-
induced	vasoconstrictor	response. 
5.2	 Implication	of	 the	perivascular	 innervation	 in	 intrinsic	vascular	
responses	to	cold	
Next,	we	explored	the	mechanism(s)	through	which	TRPA1	and	TRPM8	mediate	cold-induced	
vascular	 response.	 Neither	 TRPA1	 nor	 TRPM8	 channels	 could	 be	 detected	 in	 VSMC	 from	
plantar	arteries,	suggesting	that	the	response	is	mediated	by	activation	of	these	channels	in	
perivascular	 sensory	 or	 sympathetic	 nerves	 via	 neuropeptides	 or	 catecholamine	 release,	
respectively.	If	these	cold-sensitive	channels	were	present	in	sensory	nerves,	their	activation	





















Figure	5.5.	Cold-induced	vascular	 response	 involves	sensory	and	sympathetic	nerves	activation.	 (A)	
Cold	 induces	 relaxation	 in	 the	 presence	 of	 NA	 release	 blocker	 guanethidine	 (10	 μM).	 (B)	 Cold-
dependent	vasoconstriction	 is	 increased	 in	the	presence	of	CGRP	antagonist	 (BIBN)	(1	μM).	 (C)	The	
mixture	of	both	blockers	almost	completely	abolished	the	cold	effect.	(D)	Mean	values	of	the	effect	in	

















Furthermore,	 we	 confirmed	 that	 TRPA1	 and	 TRPM8	 channels	 are	 present	 in	 sympathetic	
neurons	by	detecting	mRNA	of	both	channels	in	isolated	superior	cervical	sympathetic	ganglia	
(SCG)	from	c57bl/6j	mice	(Figure	5.7A).	We	could	also	confirm	the	presence	of	perivascular	






These	 data	 suggest	 that	 cold	 has	 a	 dual	 action,	 a	 modest	 vasodilatory	 response	 through	
activation	of	TRPA1	and	TRPM8	channels	 in	sensory	nerve	endings,	and	a	dominant,	more	
potent	 vasoconstrictor	 response	 via	 the	 activation	 of	 TRPA1	 and	 TRPM8	 channels	 in	
sympathetic	nerve	endings.	Our	results	represent	the	first	evidence	for	an	intrinsic	response	






















ganglia	 from	 c57bl/6j	 plantar	 arteries.	
(A)	 Expression	 of	 TRPA1	 and	 TRPM8	
channels	 in	 cervical	 sympathetic	
neurons	 (B)	 Confocal	 images	 from	
c57bl/6j	plantar	artery	demonstrate	the	
presence	 of	 sympathetic	 fibres	 by	 the	
localization	 of	 Tyrosine	 hydroxylase,	
20X.	
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but	 their	actual	 relevance	to	vascular	physiology	remains	 fully	unknown.	Here,	we	provide	











data	 are	 consistent	with	 an	 expression	 of	 TRPM3	 protein	 restricted	 to	 perivascular	 nerve	
endings.	A	previous	report	showed	functional	expression	of	TRPM3	channels	in	proliferating	
human	 VSMC	 and	 in	 freshly	 isolated	 mouse	 aortic	 myocytes	 [128],	 but	 we	 did	 not	 find	
responses	to	PS	in	freshly	isolated	mouse	mesenteric	myocytes.	Whether	these	differences	















Trpm3	 KO	mice.	 Our	 results	 show	 that	 PS	 has	 TRPM3-independent	 effects	 in	 mesenteric	
arteries	at	concentrations	higher	than	10	μM.	This	compound	has	been	shown	to	act	on	other	






the	 vasodilation	 process	 may	 preclude	 that	 the	 effects	 of	 individual	 PS-dependent	
components	add	up	in	a	simple	arithmetic	way.	Further	assessment	of	this	observation	will	be	
possible	once	the	mechanism	underlying	the	latter	component	is	clarified.	Nevertheless,	the	
data	 fitting	 results	 indicate	 that	 the	 TRPM3-dependent	 component	 contributes	 to	 an	
important	 fraction	 of	 the	 total	 PS	 induced	 dilation	 of	 c57bl/6j	 arteries	 (~60%),	 and	 its	
occurrence	in	the	lower	concentration	range	suggest	that	it	is	the	most	relevant	component	
in	physiological	conditions.		
In	 regard	 to	 the	 mechanism	 underlying	 TRPM3-dependent	 vasodilation,	 the	 overlap	 we	




to	 detect	 CGRP	 release	 from	mesenteric	 using	 similar	 experimental	 procedures	 (data	 not	
shown),	most	likely	because	our	preparation	is	between	~200	and	2000	fold	smaller	than	the	
trachea	and	skin	ones,	respectively. 





mechanisms,	 as	 we	 found	 that	 the	 responses	 to	 PS	 were	 enhanced	 in	 the	 presence	 of	
endothelium	and	were	partially	inhibited	by	a	cocktail	of	K+	channel	blockers.	
























previously	 described	 channel	 inhibitors	 [129,	 139],	 in	 a	 close-to-physiological	 context.	 In	
addition,	 our	 results	 shed	 light	 on	 the	 long-standing	 question	 of	whether	 PS	 is	 after	 all	 a	
physiological	 endogenous	 agonist	 of	 TRPM3	 [130].	 We	 observed	 TRPM3-dependent	
vasodilation	 induced	by	PS	 in	the	 low	micromolar	range,	which	matches	PS	concentrations	
that	may	be	present	in	living	tissues	[130].	The	physiological	or	pathological	contexts	in	which	
PS	reaches	such	concentrations	in	mesenteric	tissue	remain,	however,	elusive.	
The	 idea	 that	 TRPM3	 activation	 induces	 vasodilation	 in	 mesenteric	 arteries	 is	 further	
supported	by	the	potent	effect	of	the	synthetic	agonist	CIM0216.	However,	this	compound	
proved	 to	be	not	 fully	 specific	 for	 this	channel,	as	 it	also	produced	vasodilation	 in	arteries	
dissected	from	Trpm3	KO	mice	at	concentrations	above	~0.1	μM.	We	argue,	therefore,	that	
CIM0216	may	be	used	as	a	pharmacological	tool	to	further	investigate	the	role	of	TRPM3	in	






no	 obvious	 similarity	 to	 any	 other	 known	 TRPM3	 modulator	 [135],	 we	 consider	 that	





detection	 of	 noxious	 stimuli	 generated	 in	 pathological	 conditions.	 The	 high	 temperatures	
required	for	TRPM3	activation	[62]	strongly	indicate	that	heat	may	not	be	a	relevant	stimulus	
of	 TRPM3	 in	mesenteric	 preparations.	 Nevertheless,	 it	 would	 be	 interesting	 to	 determine	
whether	this	channel	is	implicated	in	responses	of	skin	resistance	arteries	to	heat.	However,	




are	 proposed	 to	 act	 as	 receptors	 of	 danger-	 and	 pathogen-associated	molecular	 patterns	
during	tissue	injury	and	inflammatory	diseases	[223],	by	detecting	acidosis,	reactive	oxygen	
and	 nitrogen	 species,	 electrophilic	 compounds	 and	 bacterial	 endotoxins [101,	 224-226].	
However,	 TRPV1	 and	 TRPA1	 have	 also	 been	 reported	 in	 VSMC	 and	 endothelial	 cells	 of	
resistance	 arteries,	 respectively [99,	 113,	 114,	 227,	 228].	 Thus,	 according	 to	 our	 findings,	
TRPM3	is	the	only	one	of	these	sensory	TRP	channels	exclusively	functional	 in	perivascular	
nerves.	 This	 suggests	 TRPM3	 as	 the	 most	 specific	 target	 to	 trigger	 resistance	 artery	
vasodilation	via	stimulation	of	the	perivascular	sensory	innervation.	
We	conclude	that	in	contrast	to	what	was	previously	reported	in	aorta	[128],	in	mesenteric	
arteries	 TRPM3	 is	 functionally	 expressed	 mainly	 in	 perivascular	 nerve	 endings	 and	 its	



















a	 cold	 systemic	 reflex	 at	 very	 low	 temperatures	 (<	 15	 oC);	 however,	 if	 these	 channels	 are	
present	in	peripheral	nerves	endings	in	the	adventitia	of	the	vessels,	they	could	also	modulate	
the	 cutaneous	 circulation	 in	 response	 to	 local	 temperature	 changes	 as	 a	 protective	
mechanism.	 Therefore,	 in	 this	 study,	we	used	a	 cold	 exposure	model	 to	measure	 intrinsic	
responses	after	 local	 cooling	exposure	of	 isolated	plantar	arteries	 from	KO	mice	and	 their	
corresponding	 controls.	 Immediately	 after	 local	 cold	 exposure	 of	 plantar	 arteries	 from	
c57bl/6j	mice	(10	oC	for	at	least	5	min),	a	decreased	in	the	diameter	was	observed,	that	was	
fully	reverted	back	to	baseline	levels	when	returning	to	the	initial	temperature	(37	oC).		
The	 local	 cold-induced	 vascular	 response	 found	 in	 this	 study	 did	 not	 involve	 the	 reported	
Hunting	reaction,	which	induces	vasodilation	in	response	to	cold	stimulus	and	is	characterized	
by	subsequent	vasoconstrictions	and	vasodilations	during	the	cooling	phase	[176].		









channel	 under	 low	 temperatures	 [180].	 The	 first	 evidence	 of	 the	 role	 of	 TRPA1	 in	 cold	
sensitivity	was	shown	in	CHO	cells	transfected	with	TRPA1 [91],	but	other	groups	were	unable	
to	reproduce	similar	data	in	HEK293	cells	[77].	Also,	while	Munns	et	al.	showed	no	correlation	





mechanisms	 and	 the	 functional	 contribution	 of	 this	 channel	 in	 physiological	 and	
pathophysiological	 situations.	 In	 particular,	 the	 knowledge	 and	 understanding	 of	 TRPA1	
contribution	 to	 cold-induced	 vascular	 response	 is	 still	 at	 an	 early	 stage.	 Karashima	 et	 al.	
showed	that	cold-induced	nociceptive	behavior	in	mice	is	TRPA1-dependent	[181].	TRPA1	has	
been	 proposed	 to	 play	 an	 essential	 role	 in	 the	mechanisms	 involved	 in	 systemic	 vascular	
responses	induced	by	cold	[190].	In	this	line,	we	demonstrated	that	algo	the	intrinsic	vascular	
response	to	cold	is	modulated	by	TRPA1	activation.	The	cold-induced	vasoconstriction	found	








body	 cooling	 which	 is	 associated	 with	 cutaneous	 vasoconstriction	 [191].	 In	 this	 line,	
Reimundez	 et	 al.	 showed	 that	 Trpm8	 KO	 mice	 exhibited	 a	 fall	 of	 0.7°C	 in	 core	 body	
temperature	when	housed	at	cold	temperatures	and	TRPM8	deficiency	induced	an	increase	
in	 tail	 heat	 loss	 demonstrating	 that	 TRPM8	 is	 required	 for	 a	 precise	 thermoregulation	 in	
response	to	cold [231].	Although,	the	control	of	body	temperature	in	the	systemic	response	
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completely	 abolished.	Altogether,	 these	 results	 confirmed	 that	 local	 cold-induced	 vascular	
response	 is	mediated	 via	 both	 cold	 thermo-TRP	 channels	 TRPA1	 and	 TRPM8	 located	 in	 a	
subset	 of	 perivascular	 nerves,	 and	 that	 these	 channels	 work	 in	 a	 synergistic	 manner	 to	
mediate	vasoconstriction.	This	additive	effect	could	be	explained	by	the	activation	of	these	
channels	in	a	different	range	of	low	temperatures,	so	that	TRPM8	would	be	activated	under	
mild	 cooling	 temperatures,	 while	 lower	 temperatures	 would	 recruit	 TRPA1	 channels.	 In	
agreement	with	this,	Winter	et	al.	[196]	found	that	these	channels	are	responsible	to	influence	











were	 supported	 by	 Dhaka	 et	 al.	 suggesting	 not	 only	 a	 TRPM8-dependent	 mechanism	 for	
innocuous	 cold	 sensation,	 but	 also	 the	 presence	 of	 a	 TRPM8-independent	mechanism	 for	
noxious	 cold	 transduction	 [152].	 In	 accordance	 with	 this,	 Pan	 et	 al.	 have	 reported	 that	
activation	of	both	channels	by	using	a	copper	cold	probe	(5	oC)	affect	the	blood	flow	under	
localized	cold	conditions;	however,	neither	the	TRPA1	antagonist	nor	the	TRPM8	antagonist	
had	effects	 in	modulating	 the	blood	 flow	response	 induced	by	 the	 localized	cooling	of	 the	
mouse	 paw.	 Intriguingly,	 other	 cold-	 sensing	 mechanisms	 have	 been	 suggested	 that	 are	
independent	of	TRPA1	and	TRPM8	[229].  
In	 contrast,	we	 showed	 a	 prominent	 role	 of	 TRPA1	 and	 TRPM8	 expressed	 in	 sympathetic	
neurons	in	mediating	the	cold	vascular	response	at	a	noxious	cold	range.	However,	whether	













[235,	236].	 Using	 a	 pharmacological	 blockade	 of	 catecholamine	 release	 by	 guanethidine	
















Trpa1	 and	 Trpm8	 mRNA	 expression	 in	 isolated	 SCG	 from	 c57bl/6j.	 In	 addition,	 we	

















Collectively,	 these	 novel	 evidences	 revealed	 an	 important	 role	 of	 TRPA1	 and	 TRPM8	
channels	in	mediating	the	vascular	response	to	local	cold	exposure	in	isolated	cutaneous	




























sympathetic	 nerve	 endings,	 and	 we	 could	 conclude	 that	 the	 global	 cold-induced	










Hypertension	 remains	 an	 important	 public	 health	 concern	 and	 a	major-medical	 challenge,	
being	 one	 of	 the	 most	 important	 risk	 factor	 for	 heart	 disease	 and	 stroke	 and	 carrying	













and	 renal	 arteries	 in	 the	 pathogenesis	 of	 hypertension.	 The	 future	 perspectives	 aim	 at	
understanding	the	role	of	TRPM3	in	hypertension.	
To	 accomplish	 this,	we	propose	 to	determine	 the	expression	profile	of	 TRP	and	especially	
TRPM3	in	renal	arteries	 from	c57bl/6j	and	Trpm3	KO	mice.	This	should	be	done	 in	mice	 in	
which	hypertension	will	be	induced	via	osmotic	minipumps	loaded	with	AngII	(or	saline	for	
producing	 control	 animals	 for	 comparison).	 Real-time	 qPCR	 experiments	 and	 anatomical	
localization	studies	using	immunofluorescence	confocal	microscopy	could	help	to	assess	the	
levels	of	TRPM3	functional	expression	in	renal	arteries.	



















processes	 of	 structural	 remodelling,	 characterized	 by	 a	 transition	 from	 contractile	 to	
proliferative	phenotypes	[242].	Therefore,	qPCR	experiments	in	freshly	isolated	renal	VSMC	
(contractile	phenotype)	and	cultured	renal	VSMC	(proliferative	phenotype)	would	determine	
the	 TRP	 channel	 expression	 pattern	 in	 hypertensive	 and	 control	 mice	 giving	 us	 an	 idea	
whether	other	TRP	channels	are	involved	in	the	process	of	vascular	remodelling	induced	by	
hypertension	and	therefore	to	establish	new	lines	of	research.		




















TRPM8	 in	 response	 to	 cold	 in	 isolated	 peripheral	 arteries	 suggest	 that	 these	 sensory	 TRP	
channels	could	be	also	involved	in	the	vascular	cold	shock	response.	Therefore,	the	second	
aim	of	 the	 future	perspectives	would	be	to	 investigate	the	 influence	of	TRPA1	and	TRPM8	
channels	in	the	hemodynamic	responses	to	fast	cold	application	in	´in	vivo´	models.		
First,	we	propose	to	challenge	Trpa1	KO,	Trpm8	KO	mice	and	their	corresponding	controls	to	
noxious	 cold	water	 (10	 oC),	 by	 immersion	 during	 30	 seconds	while	 heart	 rate	 and	 arterial	














of	 systolic	 and	 diastolic	 pressure	 and	 heart	 rate	 of	 trpa1	 KO,	 trpm8	 KO	 mice	 and	 their	
corresponding	 controls	 would	 be	 acquired	 while	 awake	 animals	 are	 placed	 in	 plastic	
restrainers.	A	cuff	with	a	pneumatic	pulse	sensor	would	be	attached	to	the	tail.	First,	they	will	
be	kept	warm	in	a	platform	heated	to	32-35	°C	for	5	minutes	and	afterwards	on	frozen	blocks	
during	 1	 minute.	 To	 obtain	 appropriate	 blood	 pressure	 and	 heart	 rate	 estimations,	 the	
measurements	would	be	carried	out	in	at	least	three	different	days,	and	20-40	consecutive	
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isolated	 VSMC,	 we	 found	 that	 TRPM3	 expression	 in	 mesenteric	 arteries	 is	 restricted	 to	
perivascular	 sensory	 nerves.	 Pressure	 myography	 experiments	 showed	 that	 chemical	
activation	of	TRPM3	channels	 in	mesenteric	arteries	by	an	endogenous	steroid	PS	 leads	to	
vasodilatation,	 via	 CGRP	 release	 from	 perivascular	 sensory	 nerves.	 This	 data	 support	 the	
contribution	of	TRPM3	as	a	potential	therapeutic	target	for	the	modulation	of	the	resistance	
arteries	 tone	 and	 as	 a	 plausible	 effector	 of	 endogenous	 damage-associated	 molecules	
mediating	protective	responses	in	these	vascular	beds.		
On	the	other	hand,	sensory	TRP	channels	have	also	been	involved	in	modulating	the	vascular	
function	due	 to	 their	 involvement	 in	 sensing	environmental	 stimuli,	being	actual	 sensor	of	
thermal	challenges.	Thus,	we	examine	the	role	of	sensory	TRPA1	and	TRPM8	channels	and	the	
underlying	 mechanism	 in	 a	 local	 vascular	 response	 induced	 by	 low	 temperatures.	 Using	
pressure	myography	experiments	to	determine	changes	in	arterial	diameter,	we	showed	that	


















endoteliales	 y	 los	 nervios	 perivasculares.	 Estudios	 recientes	 indican	 que	 los	 canales	 TRP	
sensoriales	 expresados	 en	 los	 nervios	 perivasculares	 pueden	 estar	 implicados	 en	 los	
mecanismos	 subyacentes	 a	 la	 regulación	 del	 tono	 arterial	 a	 través	 de	 la	 liberación	 de	
neuropeptidos	tales	como	el	CGRP	y	 la	noradrenalina	debido	a	su	capacidad	para	 influir	 la	
excitabilidad	 celular	 y	 la	 señalización	 intracelular	 del	 calcio.	 La	 función	 vascular	 de	 estos	
canales	 está	 asociada	 a	 sus	 propiedades	 quimio-	 y	 termo-	 sensoriales,	 sin	 embargo,	 su	






expresión	 de	 TRPM3	 en	 arterias	 mesentéricas	 está	 restringida	 a	 los	 nervios	 sensoriales	
perivasculares.	Los	experimentos	de	miografía	de	presión	mostraron	que	la	activación	química	
de	 los	 canales	 TRPM3	 en	 las	 arterias	 mesentéricas	 mediante	 el	 empleo	 de	 un	 esteroide	
endógeno	llamado	PS	conduce	a	la	vasodilatación	de	la	arteria	mediante	la	liberación	de	CGRP	





modulación	 de	 la	 función	 vascular	 debido	 a	 su	 participación	 en	 la	 detección	 de	 estímulos	
ambientales,	 identificándose	 como	 los	 sensores	 de	 los	 estímulos	 térmicos.	 Por	 lo	 tanto,	




subyacente	 de	 la	 respuesta	 vascular	 intrínseca	 y	 local	 inducida	 por	 bajas	 temperaturas.	
Usando	experimentos	de	miografía	de	presión	para	determinar	los	cambios	en	el	diámetro	
arterial,	demostramos	que	los	canales	TRPA1	y	TRPM8	están	involucrados	en	una	respuesta	
vascular	 intrínseca	 inducida	por	el	 frío	en	arterias	periféricas.	Además,	 la	 vasoconstricción	
inducida	por	frío	observada	es	la	suma	de	la	activación	de	estos	canales	que	estarían	presentes	
en	 las	 terminaciones	 nerviosas	 sensoriales	 y	 simpáticas.	 Estos	 resultados	 representan	 la	
primera	evidencia	de	una	respuesta	intrínseca	al	frío	en	las	arterias	cutáneas	además	de	una	
expresión	funcional	de	los	canales	TRPA1	y	TRPM8	en	las	fibras	nerviosas	simpáticas,	lo	que	
los	 sugiere	 como	 posibles	 objetivos	 potentes	 en	 el	 tratamiento	 de	 las	 enfermedades	
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